The radical AdoMet superfamily comprises a diverse set of >2800 enzymes that utilize iron-sulfur clusters and Sadenosylmethionine (SAM or AdoMet) to initiate a diverse set of radical-mediated reactions. The intricate control these enzymes exercise over the radical transformations they catalyze is an amazing feat of elegance and sophistication in biochemistry. This review focuses on the accumulating evidence for how these enzymes control this remarkable chemistry, including controlling the reactivity between the iron-sulfur cluster and AdoMet, and controlling the subsequent radical transformations. 
The radical SAM superfamily comprises a diverse set of >2800 enzymes that utilize iron-sulfur clusters and Sadenosylmethionine (SAM or AdoMet) to initiate radical transformations [1, 2 ] . The enzymes are involved in such central pathways as the metabolism of glucose and the reduction of ribonucleotides, as well as in pathways for the biosynthesis of complex cofactors and metal clusters, the modification of tRNA, and the synthesis of antibiotics (Figure 1 ). Central to each of these diverse reactions are believed to be a common series of mechanistic steps that culminate in the abstraction of a hydrogen atom from substrate ( Figure 2 ). First, AdoMet binds to the unique iron site of the site-differentiated [4Fe-4S] 2+ radical AdoMet cluster via the a-carboxyl and a-amino groups of the methionine. This novel interaction between AdoMet and the [4Fe-4S] cluster was first revealed by detailed electronnuclear double resonance (ENDOR) spectroscopic studies on one member of the radical AdoMet superfamily, the pyruvate formate-lyase activating enzyme [3] [4] [5] , and was subsequently corroborated for other members of the superfamily by ENDOR [6] and by X-ray crystallography [7] [8] [9] 10 ,11,12,13 ] of radical AdoMet enzymes complexed to AdoMet. Second, an electron is transferred from an electron donor (in many cases, reduced flavodoxin plays this role in vivo) to the radical AdoMet cluster to reduce it to the [4Fe-4S] 1+ state, which has been shown to be the catalytically relevant state for these enzymes [14] . Third, innersphere electron transfer from the [4Fe-4S] 1+ cluster to AdoMet promotes the homolytic cleavage of the S-C5 0 bond of AdoMet to yield methionine bound to the unique iron site, and a 5 0 -deoxyadenosyl radical intermediate (dAdo ) . The dAdo abstracts a hydrogen atom (H ) from substrate to generate a substrate radical and 5 0 -deoxyadenosine (5 0 -dAdo). For one class of radical AdoMet enzymes, the glycyl radical enzyme activating enzymes (GRE-AEs), this is the final step in catalysis, with the glycyl radical and 5 0 -dAdo being products of the reaction. For most radical AdoMet enzymes, however, abstraction of H from substrate is merely a prelude to sometimes complex and fascinating radical-mediated chemistry that transforms the substrate radical into product. In some cases, most notably lysine 2,3-aminomutase (LAM) and spore photoproduct lyase (SPL), a product radical is generated that reabstracts H from 5 0 -dAdo to re-generate the 5 0 -dAdo , which subsequently combines with methionine, with loss of an electron to the [4Fe-4S] cluster, to restore AdoMet (Figure 2 ). In these two cases and probably others yet to be identified, AdoMet serves as a cofactor in catalysis and is not consumed during turnover. In most of the radical AdoMet enzymes studied to date, however, AdoMet serves as a substrate and is stoichiometrically cleaved to methionine and 5 0 -deoxyadenosine for each H that is abstracted from substrate ( Figure 2 ).
Control of AdoMet radical chemistry: insights from model studies
Reduced iron-sulfur clusters appear to be well suited to the chemistry described in the previous section. Indeed, Daley and Holm demonstrated that synthetic [4Fe-4S] 1+ clusters, whether site-differentiated or not, have the inherent ability to reductively cleave sulfonium cations in overall two electron reductions in which the second electron is donated by a second reduced cluster [15, 16] . In addition to reductive cleavage, however, they also observed products formed by electrophilic attack of the sulfonium on the thiolate ligands to the reduced [4Fe-4S] 1+ cluster, a reaction pathway that is not observed in the radical AdoMet enzymes. Also of interest is their observation that the oxidized state of the iron-sulfur cluster (equivalent to a [4Fe-4S] 2+ in an enzyme) also reacts with sulfonium cations via electrophilic attack of the sulfonium on the terminal thiolate ligands of the cluster. The reactivity observed with these synthetic clusters provides important insights regarding not only the inherent reactivity of ironsulfur clusters toward sulfonium cations but also the control of AdoMet-derived radical chemistry in the radical AdoMet enzymes. First, these studies reveal that both oxidized and reduced iron-sulfur clusters are susceptible to electrophilic attack by sulfonium cations, a mode of reactivity not observed in the radical AdoMet enzymes; the enzymes, therefore, presumably provide shielding of the cysteinate ligands to the [4Fe-4S] cluster that prevents this type of reaction. Second, these studies demonstrated that if the potentials of the [4Fe-4S] cluster and sulfonium are such that electron transfer to the sulfonium is thermodynamically favorable, reductive cleavage of the sulfonium by the reduced cluster is rapid and complete. In the radical AdoMet enzymes, by contrast, a reduced [4Fe-4S] 1+ cluster can bind AdoMet in the absence of substrate in a relatively stable state, with either no or very slow cleavage of AdoMet. The enzymes thus also control the reactivity of the cluster toward reductive cleavage of AdoMet, a mode of control that is biologically important in order to avoid indiscriminate production of the highly reactive 5 0 -dAdo radical. This Opinion will focus on the evidence accumulating on the means by which the radical AdoMet enzymes control the radical chemistry they catalyze.
Redox potentials and the control of radical AdoMet reactions
As is discussed in a later section of this Opinion, reductive cleavage of AdoMet in the absence of substrate (referred to as uncoupled AdoMet cleavage) has been observed for several of the radical AdoMet enzymes. One way to prevent such uncoupled cleavage would be to control the binding of AdoMet such that it binds only when substrate is available for turnover; Jarrett and co-workers have in fact shown that biotin synthase binds AdoMet and dethiobiotin in an ordered fashion, and that the affinity for AdoMet is increased more than 20-fold in the presence of substrate [17] . Another way to minimize uncoupled AdoMet cleavage physiologically would be to generate the catalytically active [4Fe-4S] 1+ state of the cluster only in the presence of substrate. Indeed, the redox potentials for the [4Fe-4S] 2+/1+ couples of the radical AdoMet enzymes are quite negative (in the $À450 mV range) [18 ,19] , and thus inaccessible for reduction by physiological electron donors such as flavodoxins. For lysine 2,3-aminomutase, however, the [4Fe-4S] 2+/1+ reduction potential has been shown to increase in the presence of AdoMet to potentials within the range of physiological reductants [18 ] .
Intriguingly, while the rise in the cluster midpoint potential upon binding of AdoMet renders the cluster in lysine 2,3-aminomutase accessible to reduction by physiological reductants, it simultaneously makes the electron transfer from the reduced cluster to AdoMet even more uphill thermodynamically. In the studies conducted by Daley and Holm, the redox potentials of the clusters and the sulfoniums were such that the electron transfer from the former to the latter was thermodynamically favorable [15, 16] . In the radical AdoMet enzymes, however, electron transfer from the [4Fe-4S] 1+ cluster to AdoMet is decidedly unfavorable. While the best estimations put the reduction potential for AdoMet at approximately À1.8 V, the [4Fe-4S] 2+/1+ couples for the radical AdoMet enzymes are in the À450 mV range. Thus, the electron Common mechanistic steps proposed to be involved in the radical AdoMet enzymes.
transfer from the [4Fe-4S] 1+ cluster of a radical AdoMet enzyme to AdoMet is uphill by $1.4 V, which corresponds to $32 kcal mol À1 . It is no wonder, then, that no or only slow reductive cleavage of AdoMet is observed in the absence of substrate for these enzymes. The key question then becomes: how is the radical chemistry triggered upon binding of substrate to the E-AdoMet complex? Significant insight into this question has been provided by elegant studies of the radical AdoMet enzyme lysine 2,3-aminomutase (LAM) [20 ] . Wang and Frey found that binding of AdoMet to the cluster in LAM, and this may facilitate inner-sphere electron transfer [20 ] .
Isolation of radical chemistry: insights from X-ray crystallography
Of the greater than 2800 proteins that have been classified as members of the radical SAM superfamily in microbial genomes alone, only a handful have been structurally characterized; all of the solved structures contain a partial or complete TIM barrel, with BioB and HydE having a complete (b/a) 8 TIM barrel and the others exhibiting an incomplete (b/a) 6 TIM barrel [7-9,10 , 11, 12, 13 ] . In addition to the overall fold, these structures reveal common features that probably play a role in sealing off the active site during catalysis, thus preventing side reactions such as the electrophilic attack observed in model studies, as well as uncontrolled reaction of the extremely reactive radical intermediates. First, in all of the structures the site-differentiated [4Fe-4S] radical AdoMet cluster is bound at one end of the barrel, coordinated by a cluster-binding loop, with the unique iron oriented toward the center of the barrel (Figure 4) . In all cases, this unique iron is coordinated by AdoMet through the amino and carboxy groups; this coordination partially seals off the cluster from solvent, perhaps providing the first level of control at the active site in protecting the labile and oxygen-sensitive cluster from degradation. In the structure of the oxygen-independent coproporphyrinogen III oxidase (HemN), two molecules of AdoMet are bound, with one coordinated to the iron-sulfur cluster and the second located deep in the N-terminal domain and adjacent to the first AdoMet, providing further protection of the cluster and the active site from solvent [7] . In all cases, the AdoMets are not only coordinated to the unique site but also held in position by a series of conserved residues that are involved in electrostatic, H-bonding, hydrophobic, and p-stacking interactions; this apparently tight control of AdoMet binding speaks of the significance of proper positioning of AdoMet in the active site for optimal control of catalytic function. In the case of biotin synthase (BioB), which catalyzes sulfur insertion to form the thiophane ring of biotin, AdoMet binds in an extended conformation, stretching across the top of the barrel and interacting with several residues following the b-strands; these interactions keep AdoMet buried from solvent and position it for electron transfer from the [4Fe-4S] cluster and hydrogen atom abstraction from dethibiotin (DTB) [8] .
In addition to bound AdoMet, several of the radical AdoMet crystal structures have substrate bound in the active site, and thus provide further insight into active site architecture and modes for control of radical catalysis. Biotin synthase ( Views of the X-ray crystal structures of lysine 2,3-aminomutase (LAM, left, minus its C-terminus), MoaA (center), and pyruvate formate-lyase activating enzyme (PFL-AE, right), each with both AdoMet and substrate bound. Note the location of the radical AdoMet cluster at one end of the TIM barrel, with AdoMet (carbons in purple) and substrate effectively sealing off the active site. Note also that as the substrate (carbons in teal) size increases from left to right, the size of the lateral opening in the TIM barrel also increases.
of DTB relative to AdoMet, with DTB C9 and C6 $3.9 and 4.1 Å , respectively, from the 5 0 carbon of AdoMet, is consistent with a mechanism for biotin synthase involving sequential H-atom abstractions from these two carbons, with each followed by sulfur insertion. Interestingly, the DTB is bound not only near to the site of radical initiation on AdoMet but also to the [2Fe-2S] cluster, which is proposed to be the sulfur donor in biotin biosynthesis [8, 19, 21, 22] .
In the X-ray structure of lysine 2,3-aminomutase (Figure 4 ), L-a-lysine and the required PLP cofactor form an external aldimine that interacts with several residues in the active site; similar to the situation described above for biotin synthase, these interactions uniquely position lysyl-C2 and lysyl-C3, where the transfer of an amino group and H-atom occur during the conversion of L-a-lysine to L-b-lysine [11] . The 3-pro-R hydrogen on the lysyl side chain of the external aldimine is very near the C5 0 of AdoMet, putting it in an excellent position for H-atom abstraction upon reductive cleavage of AdoMet [11] . MoaA, like biotin synthase, contains two iron-sulfur clusters; however, in the case of MoaA both are [4Fe-4S] clusters. These clusters bind on opposing sides of the TIM barrel, $17 Å apart at the closest distance, with a hydrophilic channel in between (Figure 4) [9]. While AdoMet is bound to the radical AdoMet cluster, substrate GTP coordinates to the unique iron of the C-terminal cluster through the purine N1 nitrogen (2.8 Å ) and exocyclic amino group (2.4 Å ); basic residues lining the hydrophilic channel between the two clusters also form significant interactions with GTP [10 ] . Several arginine residues are within H-bonding distance of the C6 exocyclic oxo group and the N7 of GTP, and these interactions have been proposed to assist in the rearrangement reaction or in shielding radical intermediates [10 ] .
Pyruvate formate-lyase activating enzyme is the smallest of the radical AdoMet enzymes for which a structure has been determined, and its structure reveals few other secondary structural elements outside the core of the TIM barrel to 'close off' the opening to the inner cavity ( Figure 4 ) [13 ] . The bottom and lateral opening of the barrel both appear to be highly solvent-exposed, whereas the top of the barrel is closed off by loops B and C. However, with the binding of AdoMet, which is bound to the protein via two conserved motifs as well as two histidines that stack against the adenine ring, and the large pyruvate formate lyase substrate (170 kDa dimer), the active site is closed off and protected from the external environment for radical generation (Figure 4) . The structure of PFL-AE with a bound 7-mer peptide (corresponding to the conserved sequence around the glycyl radical site of PFL) revealed three residues that appear to facilitate proper orientation of the substrate such as to allow stereo-specific H-atom abstraction from the G734 of PFL, with the Gly734 Ca positioned 4.1 Å away from C5 0 of AdoMet.
Finally, several of the radical AdoMet crystal structures reveal the presence of loops that may undergo conformational changes upon substrate binding to help seal off the active sites for radical chemistry. In biotin synthase, DTB's carboxylate group interacts with the amide of Thr293 and amide and side chain groups of Thr292; these interactions may, upon substrate binding, promote the movement of a loop that would close over the top of the barrel [8] . The crystal structures of PFL-AE in the absence and presence of substrate reveal movement of a
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Figure 5
Views of the X-ray crystal structures of biotin synthase (BioB, left) and HydE (right), with the lid loop highlighted in orange.
loop upon substrate binding; this loop contains a sequence motif (DGXGXR) that is conserved among glycyl radical activating enzymes, and the conserved motif interacts with the peptide substrate. This loop movement has been proposed to be central to the activation of PFL by inducing a conformational change in PFL and/or by correctly positioning the Gly loop for Hatom abstraction [13 ] ; however, it is also likely that this loop movement helps to seal off the active site and protect radical intermediates from side reactions. In the case of HemN, two loops have been suggested to play roles in sealing off the active site during catalysis [7] . First, a short loop connecting the C-terminal and N-terminal domains has been proposed to play a role in covering and partially filling the binding pocket in order to protect the bound substrate, coproporphyrinogen III, from solution. In addition, residues 4-35 of the N-terminal domain, referred to as the N-terminal 'trip-wire', are relatively lacking in secondary structure though the sequence G 20 PRYTSYPTA 29 is highly conserved among HemN sequences. This 'trip-wire' has been proposed to be important during catalysis in that it may adopt an ordered conformation with the binding of substrate and therefore stimulate the C-terminal domain to 'tip and close' over the active site [7] . A slightly different scenario occurs in the case of MoaA, where substrate GTP binding actually causes the active site cavity to widen [10 ] . However, the electrostatic interactions between the positively charged arginine and lysine residues and the triphosphate moiety may act to hold reactive radical intermediates in the active site for controlled radical chemistry. The crystal structures of both BioB and HydE show the presence of a 'lid loop' containing conserved residues that interact with AdoMet; in both cases these interactions could serve to block off the active site by closing the lid loop over the inner cavity when AdoMet is bound ( Figure 5 ) [8, 12] .
Together, the radical AdoMet crystal structures published to date provide revealing glimpses into the protein contributions to the control of radical chemistry at the active site. The active sites and the radical AdoMet clusters are shielded by the protein structure, thus providing protection from the electrophilic attack on thiolate ligands observed in the model studies. In addition, AdoMet coordinates the unique iron of the cluster, further shielding the cluster, and is positioned for radical chemistry by this coordination and by intricate interactions with protein residues. Substrate binding serves to further shield the site of radical chemistry, and in many cases it appears that movement of protein loops provides one additional means to protect radical intermediates from unwanted side reactions.
Maintaining van der Waals contacts: insights from ENDOR spectroscopy ENDOR spectroscopy of lysine 2,3-aminomutase has provided additional insights into the control of radical chemistry in the AdoMet-dependent radical enzymes; in this work, Frey, Hoffman, and co-workers probed intermediate states in the catalytic mechanism via the use of analogs of AdoMet or substrate that would produce stable radical intermediates [23 ] . By coupling radical intermediate stabilization with site-specific incorporation of NMR-active nuclei, they probed distances between the unpaired electron and the NMR active nucleus in a series of intermediate states, thus providing snapshots of atomic movements and a glimpse into how an enzyme controls radical intermediates. The AdoMet analog S-3 0 ,4 0 -anhydroadenosylmethionine (anSAM), which produces a stable analog of the 5 0 deoxyadenosyl radical (5 0 -dAdo ) upon reductive cleavage, was used to probe the structure of the initial intermediate produced upon reductive cleavage of AdoMet [23 ,24,25] . The results demonstrated that the distance between the stable allylic (anhydrodAdo ) radical and the lysine b-carbon was essentially identical to that observed in the crystal structure between the 5 0 C of AdoMet and the lysine b-carbon before reductive cleavage [23 ] . Substrate analogs that would result in formation of a stabilized L-a-lysine radical were used to probe the active site geometry in this intermediate state; the ENDOR spectra demonstrated large isotropic hyperfine couplings to 5 0 -13 C-dAdo (produced by H-atom transfer from the substrate to the 5 0 -dAdo ) that could only arise from direct orbital overlap between the substrate radical intermediate and the 5 0 -methyl of 5 0 -dAdo, indicating direct van der Waals contact between the two moieties ( Figure 6 ) [23 ] . Comparison of the ENDOR data to the crystal structure of LAM suggests that the 5 0 -carbon of dAdo and lysine move 0.5-1.0 Å´closer upon Hatom transfer from the substrate to the 5 0 -dAdo , a movement that results in the van der Waals contacts between 5 0 -dAdo and the substrate radical [23 ] . Further, the sharp ENDOR spectra point to a very well-defined geometry for the 5 0 -methyl of dAdo and the substrate radical, suggesting that the reacting partners are constrained to a single, optimized geometry. Significant movement of PLP during the reaction is suggested by the 31 P-ENDOR spectra that reveal an isotropic coupling to the stabilized substrate radical; these results point to the considerable shifting of PLP in going from the resting enzyme (as observed in the crystal structure of LAM, 7 Å from the phosphorus to the spin-bearing carbons) to the substrate radical intermediate (<$4.5 Å as observed by ENDOR). On the basis of these ENDOR spectra, Lees et al. proposed a model wherein the reactive C5 0 carbon of the 5 0 -dAdo contacts the 3-pro-R hydrogen of lysine and this close contact persists after H-atom transfer produces the substrate radical intermediate (Figure 6 ) [23 ] . In the final stage of the catalytic cycle, the active site of LAM contains the [4Fe-4S] 2+ cluster bound to methionine, in addition to adenosine, PLP, and the b-lysine a-carbon radical [23 ] . The large isotropic coupling observed in the ENDOR spectra of the product radical (b-lysine ) demonstrates that the methyl of 5 0 -deoxyadenosine remains in van der Waals contact with the product lysine radical ( Figure 6 ). Overall, the van der Waals contacts that are enforced throughout the isomerization reaction catalyzed by LAM facilitate hydrogen transfer and serve to eliminate or minimize side reactions from the highly reactive intermediates produced through the catalytic cycle [23 ] .
The problem of uncoupled reductive cleavage of AdoMet
Uncoupled AdoMet cleavage, which refers to reductive cleavage of AdoMet in the absence of substrate, or reductive cleavage of AdoMet that exceeds the stoichiometry required for catalysis, has been observed for a number of the radical AdoMet enzymes. Such uncoupling is a reflection of a lack of control of the radical AdoMet chemistry and is difficult to envision as anything but wasteful and potentially damaging to the organism; the observation of uncoupling, however, is quite common among members of the superfamily. Several members of the superfamily, including the activating enzyme of anaerobic ribonucleotide reductase [26, 27] , spore photoproduct lyase [28] [29] [30] , HydE and HydG [31] , biotin synthase [32] [33] [34] , lipoyl synthase [35, 36] , and HemN [37] catalyze the uncoupled cleavage of AdoMet under certain conditions. In several cases, the uncoupled cleavage has been observed to be diminished or even absent when physiological reducing systems, rather than dithionite or photoreduced deazariboflavin, were used [32, 33, 36, 37] , suggesting again that reduction of the [4Fe-4S] cluster is an important control point in radical AdoMet chemistry. It was suggested in the case of LipA that uncoupling was a result of damaged enzyme, either the cluster or the protein itself, that was able to cleave AdoMet but unable to catalyze the remaining steps in the reaction; such a correlation between enzyme damage and uncoupling of AdoMet cleavage may well hold for the other radical AdoMet enzymes as well. The physiological relevance, if any, of uncoupled AdoMet cleavage remains to be established.
Concluding remarks
The radical AdoMet enzymes utilize multiple modes to control the inherent reactivity of the reduced iron-sulfur cluster and the AdoMet sulfonium, and to sequester the resulting radical chemistry. First, there is control at the level of redox potentials, with a large negative reduction potential for the cluster preventing generation of the catalytically active [4Fe-4S] 1+ state in the absence of AdoMet. There is also a dramatic mismatch in redox potential between the cluster and AdoMet, thus preventing the rapid and complete reaction observed in the case of the model systems. Studies on lysine 2,3-aminomutase have provided insights into how this energetic barrier is overcome: by perturbation of redox potentials upon binding of AdoMet and substrate to the enzyme. It appears, therefore, that the catalytically active state of the cluster is generated under physiological conditions only when AdoMet and substrate are available for reaction, and further that AdoMet and substrate binding to the enzyme perturb potentials sufficiently to allow reductive cleavage of AdoMet coupled to H-atom abstraction from substrate. The protein architecture plays an essential role not only in preventing the electrophilic attack of cluster ligands Control of radical chemistry in the AdoMet radical enzymes Duschene et al. 81
Figure 6
Illustration of the results of ENDOR spectroscopic studies utilizing stabilized substrate and product radical analog intermediates. In all cases, van der Waals contacts are maintained between the 5 0 -methyl of 5 0 -deoxyadenosine (Ado) and the substrate/product radicals. Illustrations are for the substrate radicals generated upon reaction with trans-4,5-dehydro-L-lysine (DHLys, left), 4-thia-L-lysine (SLys, center), and the product radical generated upon equilibration of the reduced state of the enzyme with AdoMet and L-a-lysine (right). Adapted from ref. [23 ] .
that is so prominent in the reactivity of the model complexes but also in controlling and sequestering radical chemistry in these enzymes. AdoMet is bound in place both by its coordination to the unique iron of the cluster and by significant interactions with the protein; its presence shields the iron-sulfur cluster from solvent and thus from unwanted side reactions. Substrate binding further seals off the active site, providing a protected location for controlled generation of radical intermediates; these substrates are also held in place by numerous interactions with protein, and these interactions position the site of Hatom abstraction within striking distance of the 5 0 -C of AdoMet, the site of the initial radical formed upon reductive cleavage of AdoMet. Intriguingly, several of these enzymes also appear to have a loop that moves into position upon substrate binding, further sealing off the active site. Finally, the detailed interactions in the active site appear to facilitate maintenance of van der Waals contacts between reacting intermediates, providing intricate control of the catalytic mechanism.
The remarkable chemistry catalyzed by these enzymes is at one level primitive, utilizing a primary carbon-centered radical, one of the most reactive species known in biology, to perform difficult chemical transformations. And yet the chemistry by which this radical is generated, and the intricate control that these enzymes apparently exercise over the radical transformations they catalyze, represents the height of elegance and sophistication in biochemistry.
